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A hitherto unknown single nucleocapsid nucleopolyhedrovirus (SNPV) with a unique property was isolated from larvae of the looper
Chrysodeixis chalcites (Lepidoptera, Noctuidae, Plusiinae). Polyhedrin, lef-8, and pif-2 gene sequences were obtained by PCR with
degenerate primers and used for phylogenetic analysis. ChchNPV belonged to class II NPVs and its polyhedrin sequence was most similar to
that of class II NPVs of other members of the subfamily Plusiinae. Further genetic characterization involved the random cloning of HindIII
fragments into a plasmid vector and analysis by end-in sequencing. A gene so far unique to baculoviruses was identified, which encodes a
putative DNA repair enzyme: cyclobutane pyrimidine dimer (CPD) DNA photolyase (dpl). The transcriptional activity of this gene was
demonstrated in both ChchNPV-infected C. chalcites larvae and infected Trichoplusia ni High Five cells by RT-PCR and 5Vand 3VRACE
analysis. The possible role of this gene in the biology of the virus is discussed.
D 2004 Elsevier Inc. All rights reserved.
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The Baculoviridae form a family of large circular
dsDNA viruses, pathogenic for insects. The baculoviruses
are divided into the genera Nucleopolyhedrovirus (NPV)
and Granulovirus (GV) (Van Regenmortel et al., 2000).
Phylogenetic analyses have shown a further division of
NPVs into group I and group II NPVs (Bulach et al., 1999;
Herniou et al., 2001, 2003). One of the major differences
between the group I and group II NPVs is the absence of
the baculovirus envelope protein GP64 from group II NPVs0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2004.09.032
$ GenBank accession numbers: AY456389, AY456390, AY545786,
AY545787.
* Corresponding author. Laboratory of Virology, Wageningen Univer-
sity, Binnenhaven 11, 6709 PD Wageningen, The Netherlands. Fax: +31
317 484820.
E-mail address: monique.vanoers@wur.nl (M.M. van Oers).(IJkel et al., 2000; Pearson et al., 2000). NPV virions
occluded in polyhedra may contain single nucleocapsids
(SNPVs) or multiple nucleocapsids (MNPVs).
To date, the genome sequences of over 23 baculoviruses
have been determined from lepidopteran, dipteran, and
hymenopteran hosts. A few hundred baculoviruses are
awaiting characterization and may reveal unique features.
Sixty-two genes are shared among all lepidopteran baculo-
viruses sequenced so far (Li et al., 2002), 29 of which have
homologues in all baculoviruses and are seen as baculovirus
core genes. The combined sequences of conserved baculo-
virus genes may be used to obtain trees representing the
evolution of the baculovirus genomes (Herniou et al., 2001,
2003).
Among those conserved genes, the lef-8 gene encoding a
viral RNA polymerase subunit (Acharya and Gopinathan,
2002; Guarino et al., 1998; Passarelli et al., 1994) and the
per os infectivity factor pif-2 (Ac22 in AcMNPV) (Pijlman04) 460–470
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baculovirus markers for phylogenetic analyses at the virus
family level (Herniou et al., 2004). These analyses have
further shown that lepidopteran baculoviruses form a
monophyletic group.
In addition to the set of conserved genes, baculovirus
genomes contain genes for so-called auxiliary functions.
These genes can be shared by a group of related
baculoviruses or be present in a limited number of related
or unrelated virus species (i.e., helicase-2). These auxiliary
genes seem to reflect gene acquisitions that provided
additional fitness to their bearer during baculovirus evolu-
tion (Herniou et al., 2003). The collection of auxiliary genes
is likely to give each baculovirus specific characteristics,
which may determine its virulence, host range, tissue
specificity, and other biological features. Newly discovered
baculoviruses are likely to harbor novel genes belonging to
this category.
The moth Chrysodeixis chalcites is a polyphageous
looper and a major pest in Dutch greenhouses in sweet
pepper and tomato. A new single nucleocapsid nucleopo-
lyhedrovirus was isolated (tentatively named ChchNPV)
from laboratory cultures of this moth, originating from a
greenhouse in Naaldwijk, the Netherlands. In this paper,
we characterized this virus by restriction enzyme analysis
and end-in sequencing of a HindIII restriction fragment
library. Its evolutionary relationship with other baculovi-
ruses was explored using polh, lef-8, and pif-2 sequences
obtained by PCR. A unique new baculovirus gene,
homologous to class II DNA photolyases (dpl), was
discovered, putatively encoding a light-inducible DNA
repair enzyme. We analyzed the transcription of this gene
in ChchNPV-infected insect cells and in vivo in C.
chalcites larvae. Its possible role in baculovirus ecology
is discussed.Results
Virus morphology
C. chalcites larvae regularly showed mortality, which
was accompanied by liquefaction of the cadavers, in
laboratory rearings. Light microscopy preparations of
these larvae showed large numbers of polyhedron-
shaped particles, which also appeared to be alkali
sensitive, a characteristic of baculovirus polyhedra.
Electron microscopy on these particles confirmed the
presence of viral occlusion bodies (polyhedra) typical of
nucleopolyhedroviruses (NPVs). Ultrathin sections (not
shown) revealed that the virions in these polyhedra
contained single nucleocapsids, characteristic of SNPVs.
The isolated virus was tentatively named C. chalcites
nucleopolyhedrovirus, ChchNPV, according to the cur-
rent approved ICTV nomenclature (Van Regenmortel et
al., 2000).Infection in cell culture
In order to facilitate the study of the cytopathology and
replication of ChchNPV, we tested several insect cell lines
for their susceptibility to the virus. The best results were
obtained for Trichoplusia ni High Five cells. Hemolymph
isolated from infected larvae 3 days postinfection at 27 8C
induced cytopathic effects in T. ni High Five insect cells,
such as enlargement of the nucleus and rounding up of the
cells. At 3 days postinfection, a small percentage of the cells
was lost due to what appeared to be apoptotic processes
based on cell morphology: Blebbing was observed in a
small portion of the cells resulting in the formation of
vesicles. In the nucleus of a low percentage (b10%) of the
cells, a small number of polyhedra were visible after 1
week. The infection process developed much slower than
for a fully permissive replication of, for instance, Auto-
grapha californica MNPV (Wickham et al., 1992) in these
cells, suggesting that this cell system may be semi-
permissive for ChchNPV, but may still be adequate for
transcription studies.
Phylogenetic analyses
Partial sequences of the pif-2 and lef-8 genes (GenBank
accession numbers AY545786 and AY545787, respectively)
were obtained using degenerate PCR primers (Table 1). A
combined phylogenetic analysis of these sequences showed
a clear, highly supported division between the GVs and the
NPVs. Among NPVs, viruses of the group I NPVs form a
highly supported clade, to which ChchNPV does not belong
(Fig. 1A). The combined lef-8 + pif-2 tree provides poor
resolution with low bootstrap support (b50%) for the basal
relationships of the NPVs. The phylogenetic position of
ChchNPV is at the base of the tree among other NPVs for
which the phylogenetic relationships are unresolved. These
baculoviruses have in previous analyses been indicated as
group II NPVs (Bulach et al., 1999; Zanotto et al., 1993).
From this phylogenetic analysis, it can be concluded that the
lef-8 and pif-2 sequences from ChchNPV are not closely
related to other group II NPVs, at least not to those for
which lef-8 and pif-2 sequence data are available.
Since polyhedrin sequences are available for many more
NPVs, the ChchNPV polyhedrin gene (polh) was analyzed.
Therefore, the sequence of a 1447-bp DNA fragment
(GenBank accession number AY456390), including the
total polyhedrin coding region, was determined. PCR
amplification products were obtained with polyhedrin
degenerate primers (designed by de Moraes and Maruniak,
1997) and sequenced. The sequence was extended by
genome walking using ChchNPV polyhedrin-specific pri-
mers for sequencing of the viral DNA. The polyhedrin gene
contains an open reading frame of 738 bp, encoding a
protein with a predicted molecular mass of 28.8 kDa. The
ChchNPV polh gene harbors an ATAAG baculovirus late
promoter element located at 47 to 43 relative to the
Table 1
Oligonucleotides
Name Sequence Amino acid motif a Reference
Polyhedrin F1 TAYGTGTAYGAYAACAAG YVYDNK (de Moraes and Maruniak, 1997)
Polyhedrin R1 TTGTARAAGTTYTTCCAG WENFYK (de Moraes and Maruniak, 1997)
Polyhedrin F2 CGTCTTGGGTAGGCAGC Not relevant –
Polyhedrin R2 GTTGTCTAGGGGATCAAGG Not relevant –
Polyhedrin F3 TACTCGAAGTGGTGACTTG Not relevant –
Lef-8 F2 gtaaacgacggccagtNNNCANRCNGARGAYCC XTAEDP Herniou et al., 2004
Lef-8 R2 aacagctatgaccatgMMNCCYTTYTGNCCRTG HGQKGV Herniou et al., 2004
Ac22 (pif-2) F gtaaaacgacggccagtGGWNNTGYATNSGNGARGAYCC W(TSN)CI(AP)EDP Herniou et al., 2004
Ac22 (pif-2) R aacagctatgaccatgRTYNCCRCANTCRCANRMNCC G(EVF)C(ED)CG(DN) Herniou et al., 2004
DPL-F3 CATCGAAGAGTGTTTTGTTCG Not relevant –
DPL-F4 GCCAAGGAAACTCTGGTG Not relevant –
DPL-R2 GCAAATGCTCCACATGCAACC Not relevant –
DPL-R3 GCTATCGCGAGACATCCAG Not relevant –
DPL-R4 CCACCTGCTTCTTTGCCTTC Not relevant –
oligo dT anchor primer GACCACGCGTATCGATGTCGAC(T)16V Not relevant Roche
PCR anchor primer GACCACGCGTATCGATGTCGAC Not relevant Roche
a Amino acid motifs are given for degenerate primers only.
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drin sequences from group II NPVs were performed to
determine to which sequences the ChchNPV polh gene was
most closely related (Fig. 1B). As with the lef-8 + pif-2
phylogenetic analysis, the polh tree shows poor resolution at
the basal nodes of the NPV phylogeny, as shown by low
bootstrap scores. However, toward the tips of the tree,
several groups of viruses are strongly supported. The polh
sequence of ChchNPV belongs to one such group. The
phylogeny shows a highly supported group (Fig. 1B, 87/95
bootstrap score) comprising the polyhedrin sequences of
ChchNPV, those of T. ni SNPV isolates from Canada and
South Africa, and of Plusia orichalcea NPV. The baculo-
viruses in this group infect noctuid Lepidoptera of the
subfamily Plusiinae, to which the insect C. chalcites
belongs. The polh tree (Fig. 1B) indicates that the polh
gene most closely related to that of ChchNPV is from the
South-African TnSNPV isolate (Fielding and Davison,
1999). The degree of DNA homology found between the
polyhedrin sequences of ChchNPV and this isolate of
TnSNPV is 97.4%. The two protein sequences differ by 1
amino acid. However, 100 nucleotides downstream of the
polyhedrin stop codon, these two sequences can no longer
be aligned. Approximately 200 nucleotides downstream of
the polyhedrin stop codon, the South-African TnSNPV
isolate shows homology with SeMNPV ORF89 (IJkel et al.,
1999), while ChchNPV is flanked downstream by a
homologue of AcMNPV ORF1629 (Ayres et al., 1994).
The sequence upstream of the ChchNPV polyhedrin ORF
(405 nt) is highly homologous (99%) to the corresponding
sequence in the South-African TnSNPV isolate. A translated
BLAST search did not reveal strong homology of this
genomic region with other sequences in GenBank.
The degree of homology between the polyhedrin ORFs
of ChchNPV and a Canadian TnSNPV isolate is 88.9% at
the DNA level, a difference in 4 amino acids (D. Theilmann,
personal communication). Between the polyhedrin sequen-ces of the South-African and Canadian TnSNPV isolates,
there is a DNA identity of 87.4%, corresponding to a
difference in 5 amino acids. The fifth change is at amino
acid residue 164, where ChchNPV also differs from the
South-African TnSNPV isolate.
Restriction analysis and shot gun cloning
To further characterize the virus, restriction enzyme
analyses were performed with several enzymes on viral
DNA isolated from polyhedra obtained from infected C.
chalcites larvae. The HindIII pattern (Fig. 2) was used to
estimate the genome size, which appears to be approx-
imately 150 kbp. The HindIII restriction pattern was also
compared to that of the Canadian TnSNPV isolate kindly
provided by Dr. Martin Erlandson (Agrifood, Canada). Shot
gun cloning of HindIII fragments and end-in sequencing of
the resulting clones revealed genes such as DNA polymer-
ase, lef-3, iap-2, p10, HE-65, and PCNA, with the highest
similarities to group II NPV sequences. The ChchNPV lef-3
sequence was directly compared to the Canadian TnSNPV
homologue and showed 20% divergence (David Theilmann,
personal communication).
A new baculovirus gene
By sequencing HindIII clones, we also obtained sequen-
ces for which no homology with other baculoviruses could
be found using translated BLAST searches. Two such
sequences showed striking homology to class II cyclobutane
pyrimidine dimer (CPD) DNA photolyases and appeared to
be derived from adjacent HindIII fragments. Class II CPD
DNA photolyases are photoreactivating enzymes that use
light (350–450 nm) to repair DNA damaged by UV
irradiation, by removing CPDs (Carell et al., 2001;
Deisenhofer, 2000). Specific primers were used to complete
the sequence of the ChchNPV DNA photolyase gene. The
Fig. 1. Phylogenetic analysis. The phylogenies were obtained by maximum likelihood analyses of lef-8 and pif-2 (A) and polyhedrin (B). Numbers indicate
bootstrap scores, in regular script for maximum likelihood analysis (100 replicates), and in italic script for maximum parsimony analysis (1000 replicates). The
dash lines indicate 0.01 substitutions per site for the trees’ branch length. Bootstrap scores lower than 50% are not indicated.
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corresponding to a molecular mass of 58.4 kDa (see
GenBank AY456389). ClustalW alignments (Fig. 3) showed
that the protein shares 45% sequence identity (60%
similarity) with the DNA photolyase of the South-American
short-tailed opossum Monodelphis domestica (Kato et al.,
1994) and 43% (58%) with the long-nosed potoree Potorous
tridactylus (Yasui et al., 1994), both marsupials. The
identity with the Drosophila melanogaster homologue(SWISPROT, NP_724613) is 44% (58% similarity).
Slightly lower identity scores were found with homologues
from goldfish (40%) (Yasuhira and Yasui, 1992) and from
(entomo-) pox viruses (39–43%) (Afonso et al., 1999, 2000;
Srinivasan et al., 2001). Two domains, characteristic for
class II CPD-DNA photolyases, are conserved in the
ChchNPV sequence. A CPD-DNA photolyase domain is
located from amino acids 47 to 218 and a flavin adenine
dinucleotide (FAD-) binding domain is located between aa
Fig. 2. HindIII digestion pattern of ChchNPV. Viral DNAwas isolated from
polyhedra obtained from C. chalcites larvae infected with ChchNPV. The
viral DNAwas digested with HindIII and analyzed by electrophoresis in an
ethidium bromide-stained agarose gel. A HindIII digest of TnSNPV DNA
(gift from M. Erlandson) was run alongside for comparison. The first lane
contained lambda DNA digested with HindIII, BamHI, and EcoRI, and the
sizes of the marker fragments are indicated in bp.
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cofactor and to bind in a cavity that probably also
accommodates the DNA lesion (Carell et al., 2001;
Deisenhofer, 2000).
The ChchNPV DNA photolyase gene (dpl) is preceded
by a small ORF in the opposite orientation that has
homology to AcORF111 (Ayres et al., 1994). Upstream of
this ORF, we found a sequence homologous to baculovirus
repeat orfs (bro), which was also orientated opposite to dpl
and was partially present on the HindIII fragment analyzed
(Fig. 4A). The dpl ORF is followed downstream by a
homologue of AcMNPV HE-65 (Becker and Knebel-Mo¨rsdorf, 1993; Ohkawa et al., 2002), which has the same
orientation in the genome as the DNA photolyase gene.
DNA photolyase transcription
In the sequence upstream of the DNA photolyase, motifs
characteristic for early (CAGT) or late (TAAG) baculovirus
transcription initiation (Blissard and Rohrmann, 1990) were
not found. Instead, three consensus GATA motifs [(A/
T)GATA(G/A)] (reviewed by Patient and McGhee, 2002)
were found at positions 113, 94, and 84 relative to the
translational start codon and may be involved in the
transcriptional regulation of this gene. GATA motifs are
known to be recognized by members of the GATA family of
zinc-finger transcription factors. GATAmotifs have also been
found in theOrgya pseudotsugataMNPV gp64 gene (Kogan
and Blissard, 1994), in the Autographa californica MNPV
PE-38 gene (Krappa and Knebel-Morsdorf, 1991), and in
Drosophila genes related to immunity (Senger et al., 2004). A
polyA motif (AATAAA) is present at the end of the open
reading frame, and a second one 130 nt further downstream.
To determine whether the gene for DNA photolyase is
transcribed, RT-PCR studies were performed (Fig. 4B).
RNA samples isolated 1 and 2 days postinfection of T. ni
High Five cells infected with hemolymph-derived budded
virus of ChchNPV revealed a DNA photolyase-specific
transcript. This product was absent from mock-infected
cells. A similar product was also obtained with total RNA
from hemocytes collected 3 days postinfection of 3rd instar
C. chalcites larvae. When RNA was used for PCR without
an RT step, some amplification was seen as well, probably
due to residual viral DNA in the preparation.
To make the amplification mRNA specific, a 3VRACE
analysis was performed using an oligo dT-anchor primer and a
DNA-photolyase-specific forward primer (DPL F3, Table 1,
Fig. 4A). A fragment of approximately 650 bp was predom-
inantly amplified using RNA isolated from infected cells or
hemocytes, although some smaller minor bands were also
observed. The length of the 650-bp product appeared to
correspond to polyadenylation at the second polyA motif.
Sincewewere not successful in cloning the dominant 3VRACE
product, a nested PCR was performed with primer DPL F4.
This PCR specifically amplified a 455-bp product, which
corresponded to polyadenylation at the first motif. Sequencing
of this product showed that a polyA tail was added 14 nt
downstream of the translational stop codon (i.e., 13 nt
downstream of the first polyAmotif). So from these combined
results we conclude that both polyA motifs may be used.
To determine the initiation site(s) of dpl transcripts, a
5VRACE analysis was performed on RNA isolated from
ChchNPV-infected T. ni High Five cells at 24 h pi. 5V
RACE analysis revealed transcription start sites at 29
(2/5 clones) and 39 (2/5 clones), which is between the
GATA sites and the ATG start codon. One clone was
much longer and started at 325, relative to the trans-
lational start codon, and had several upstream ATGs.
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A single nucleocapsid NPV from larvae of the moth C.
chalcites was analyzed. Phylogenetic analyses based on
combined lef-8 and pif-2 sequences showed that this new
SNPV does not belong to group I NPVs. Its polyhedrin geneFig. 3. Alignment of DNA photolyases. The ChchNPV DNA photolyase was al
South-American opossum (Kato et al., 1994) and the long nosed potoroo (Yasui et
et al., 1994), the entomopox virus Melanoplus sanquinipes entomopoxvirus (MsEP
fibroma virus (SFV) (Willer et al., 1999), and Arabidopsis thaliana [GenBank Nis closely related to polyhedrins of a group of baculoviruses
occurring in the subfamily Plusiinae. As a result of shot gun
sequencing, we identified a hitherto unknown baculovirus
gene within the genome of ChchNPV. This gene (dpl) is
highly homologous to class II cyclobutane pyrimidine
dimers (CPD)-DNA photolyases. CPD-DNA photolyasesigned with a selection of homologues from the literature or GenBank: the
al., 1994), the goldfish (Yasuhira and Yasui, 1992), D. melanogaster (Todo
V) (Afonso et al., 1999), fowlpox virus (Afonso et al., 2000), shope (rabbit)
P_849651].
Fig. 4. RT-PCR and 3Vanalysis of DNA photolyase transcripts. (A) ChchNPV genome organization around the DNA photolyase locus. The position of the
specific primers used for RT-PCR and 3VRACE is indicated. The numbers indicate the start and stop positions of the various ORFs, the numbers within brackets
the position of HindIII sites (H). The bro-gene is partially present on the HindIII fragments shown. (B) RT-PCR. RNAwas isolated from T. ni High Five insect
cells infected with ChchNPVat 12 and 48 h pi or from hemocytes obtained from larvae at 3 days pi. RT-PCR was performed using the DNA photolyase-specific
primers DPL F3 and R2 resulting in a PCR product of the same size as in the positive control performed on a cloned 2020-bp HindIII fragment containing the
major part of the DNA photolyase gene. A PCR without an RT step was also performed. (C) 3VRACE analysis. First-strand cDNAwas made with an oligo dT
anchor primer annealing to the polyA tail of mRNAs. Subsequently, a PCR was performed with the DNA photolyase-specific forward primer (F3) and a PCR
anchor primer. The latter primer hybridizes to the first strand cDNA at a 5Vsequence introduced by the oligo dT anchor primer (see also Table 1).
M.M. van Oers et al. / Virology 330 (2004) 460–470466reduce lethal or mutagenic effects caused by ultraviolet
radiation by repairing CPDs. This function is solely
dependent on photons and does not require nucleotides
(Kato et al., 1994). These DNA photolyases use light in the
near UV or visible range to perform their catalytic function.
This enzyme has been found in a variety of pathogens and
organisms, except for placental mammals (Kato et al.,
1994), which are dependent on nucleotide excision repair
pathways to repair CPDs (Bennett et al., 2003; Schul et al.,
2002).
Class II CPD-DNA photolyase genes have also been
found in several members of the Poxviridae (Bennett et al.,
2003), including the entomopoxvirus from Melanopus
sanguinipes (Afonso et al., 1999), the leporipoxviruses
myxomavirus (Cameron et al., 1999) and shope (rabbit)
fibroma virus (SFV) (Willer et al., 1999), and the avipoxvi-
rus fowlpoxvirus (FPV) (Srinivasan et al., 2001). FPV is
known to persist in desiccated scabs shed from infected
hosts, and the presence of DNA photolyase might play a
crucial role in repairing UV damage. The FPV DNA
photolyase (Srinivasan et al., 2001) and the SFV homologue
(Bennett et al., 2003) are transcribed as late genes.
Poxviruses carry DNA repair enzymes in the virus particle,
which may be related to their replication in the cytoplasm.
Host DNA repair enzymes are likely to function in the
nucleus. Knockout mutations in the FPV gene have led to an
increased UV sensitivity of this virus (Srinivasan et al.,
2001).Bacteriophage 4 encodes the enzyme T4 endonuclease
V (Nakabeppu and Sekiguchi, 1981), a homologue of
which may be present in chlorellavirus (McCullough et al.,
1998) and which is active in repairing pyrimidine dimers
possibly within host cells. The chlorellavirus DNA repair
enzyme (pyrimidine dimer-specific glycosylase) has been
expressed in the baculovirus AcMNPV, which resulted in
an increased insensitivity to UV light for BVs but not
ODVs (Petrik et al., 2003). The presence of this enzyme
reduced both the lethal dose and lethal time in Spodoptera
frugiperda larvae. This effect was not seen in T. ni larvae,
suggesting that in some species host-derived repair
enzymes may be functional.
The presence of a CPD DNA photolyase gene in
ChchNPV may be a remnant of the evolutionary past of
baculoviruses, or a recent adaptation to a current ecological
niche in C. chlacites or an alternative host, which may have
given ChchNPV a competitive advantage. The absence of
DNA photolyases in many DNA viruses, including all other
baculoviruses completely sequenced so far, makes them
dependent on DNA repair enzymes present in the host. Co-
occlusion of many baculovirus virions in a single poly-
hedron was thought to enhance recombination upon
infection of the host (Blissard and Rohrmann, 1990),
obviating the need for a DNA repair system after UV
damage. A DNA photolyase could be beneficial for a
baculovirus, because viral occlusion bodies may be present
in soil for years before they encounter a susceptible host. In
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during replication, baculoviruses are likely to become UV
irradiated, since their hosts in many cases are exposed to UV
light. Related to this, it is interesting to note that
baculovirus-infected insects tend to migrate to the top of
trees or plants, a phenomenon that is known as
dWipfelkrankheitT or dtree-top diseaseT (Cory and Myers,
2003; Fuxa, 2004). This behavior ensures maximum
dissemination of polyhedra over the plant, but, at the same
time exposes the viruses to more intensive UV light.
Recently, another enzyme with a putative function in
DNA repair, a 3V exonuclease, was found in Anticarsia
gemmatalis MNPV. This enzyme might function as a
proofreading enzyme during DNA replication in general
rather than in repairing UV-induced damage (Slack et al.,
2004).
In this paper, we have shown that the ChchNPV DNA
photolyase gene is transcribed. The functional significance
of this gene in ChchNPV infection needs further inves-
tigation as well as whether a virus-encoded DNA photolyase
protein is present in infected cells or in occluded virions.
These experiments may be complicated by the presence of
host-encoded CPD-DNA photolyases and the absence of a
fully permissive cell culture. Expression of this enzyme in a
heterologous system or the generation of a knockout mutant
may provide further information on a possible role of the
DNA photolyase in DNA repair and UV protection of
ChchNPV.Materials and methods
Larval rearing and isolation of the virus
First instar C. chalcites larvae were collected from
sweet pepper and tomato in greenhouses of Applied Plant
Research, Naaldwijk, the Netherlands. In the laboratory,
larvae were individually reared in 24-well plates on
artificial medium (Smits et al., 1986) at 25 8C with a
75% humidity and a 16-h light/8-h dark photoperiod.
Larvae that developed into pupae were selected and
transferred to 2-l plastic jars containing vermiculite and
maintained in the conditions described above. Emerged
moths were fed on 10% honey water. After egg
deposition on filter paper, eggs were collected and
disinfected in 4% formaldehyde (10–15 min). After
hatching, the larvae were placed in separate wells again
and reared as above.
Dead C. chalcites larvae were collected in 2002 from the
greenhouses mentioned above and macerated with distilled
water in a glass homogenizer. The homogenate was filtered
through cheesecloth. The crude suspension was used to
prepare an inoculum (1  107 occlusion bodies/ml), which
was spread on the diet of fourth instar C. chalcites larvae.
Ultra thin sections of fixed OBs were analyzed by trans-
mission electron microscopy.PCR with polyhedrin, lef-8, and pif-2 degenerate primers
ChchNPV DNA was isolated from alkaline-treated
polyhedra (King and Possee, 1992). To obtain a partial
clone of the polyhedrin gene for nucleotide sequencing, a
conserved domain was amplified by PCR using degenerate
polyhedrin primers F1 and R1 (Table 1) (de Moraes and
Maruniak, 1997) under standard PCR conditions. The PCR
product was cloned in pGemT-easy (Promega) and its
nucleotide sequence was determined by automated sequenc-
ing (BaseClear, The Netherlands). The sequence informa-
tion was extended on both ends by direct sequencing on
approximately 1 Ag of viral DNA with the polyhedrin F2
and R2 primers (Table 1).
To complement a data set previously used for
baculovirus phylogenetic analyses, sequences of the lef-8
and pif-2 genes were obtained using the degenerate primer
sets lef-8-F2/R2 and Ac22-F1/R1 (Table 1) in PCR
reactions using ChchNPV template DNA as described in
Herniou et al. (2004). PCR reactions contained ap-
proximately 50 ng DNA, 50 pmol of each primer, 1 unit
Taq polymerase (Promega), 200 AM dNTPs, 1.5 mM
MgCl2, 50 mM KCl, 10 mM Tris–HCl pH 9.0, and 0.1%
Triton-X-100 (25 Al PCR mix); the annealing temperature
for the first 10 cycles was 42 8C and for the following 25
cycles, 60 8C. The amplified products were purified over
PCR purification columns (Roche). The 5Vextension of the
primers allowed direct sequencing of the PCR products
with M13(20) or M13 R primers (Table 1). The
amplification products were 513 and 357 bp for lef-8
and pif-2, respectively.
Phylogenetic analyses
The nucleotide sequences of the lef-8, pif-2, and polh
gene fragments were aligned in MacClade 4 (Maddison
and Maddison, 2000) to the homologous sequences of
lepidopteran baculoviruses available from GenBank
(Table 2). As previous studies have shown that lef-8
and pif-2 are congruent, both genes were concatenated
for the phylogenetic analyses (Herniou et al., 2004). The
lef-8 + pif-2 alignment is based on 25 baculovirus sequences
including 22 NPVs. The polh gene was analyzed
separately because it is not congruent to the other genes
(Clarke et al., 1996, Herniou et al., 2001) and because the
database includes a wider range of isolates for this gene.
The alignment used in this study for polh contained 27
NPV sequences mostly belonging to group II NPVs.
Maximum likelihood (ML) analyses were performed in
PAUP* (Swofford, 2001), and substitution models were
chosen in MODELTEST 3.06 (Posada and Crandall, 1998,
2001) as previously described (Herniou et al., 2003). The
selected models were used to search for the most likely
trees using a heuristic search including branch swapping
by tree-bisection reconnections (TBR). Bootstrap analyses
to evaluate the robustness of the phylogenies were
Table 2
Overview of the baculovirus sequences used for phylogenetic analyses
Virus Name Abbreviation pif-2 lef-8 polh
Abraxas grossulariata NPV112 AbgrNPV112 AY449781 AY449761 –
Actias selene NPV47 AcseNPV47 AY449789 AY449768 –
Adhoxophyes honmai NPV AdhoNPV AP006270 AP006270 AP006270
Adhoxophyes orana GV AdorGV AF547984 AF547984 –
Autographa californica MNPV AcMNPV L22858 L22858 –
Buzura suppresaria SNPV OpSNPV – – X70844
Bombyx mori NPV BmNPV L33180 L33180 –
Chrysodeixis chalcites NPV ChchNPV AY545787 AY545786 AY456390
Choristoneura fumiferana MNPV ChMNPV AF512031 AF512031 AF512031
Cydia pomonella GV CpGV U53466 U53466 –
Ectropis oblique NPV EcobNPV – – U95104
Epiphyas postvittana MNPV EppoMNPV AY043265 AY043265 –
Helicoverpa armigera SNPV HaSNPV AF271059 AF271059 –
Helicoverpa zea SNPV HzSNPV AF334030 AF334030 –
Helioconius erato NPV789 HeerNPV789 AY449792 AY449771 –
Leucania separata NPV LeseNPV – – U30302
Lymantria dispar MNPV LdMNPV AF081810 AF081810 AF467808
Lymantria monacha NPVb4 LymoNPVb4 AY449796 AY449775 –
Malacosoma disstria NPV MadiNPV – – U61732
Malacosoma neustria NPV ManeNPV – – X55658
Mamestra configurata NPVA MacoNPVA AF467808 AF467808 AF467808
Mamestra configurata NPVB MacoNPVB AY126275 AY126275 AY126275
Nymphalis io NPV353 NyioNPV353 AY545990 AY54599 –
Orgyia anartoides SNPV OaNPV – – AF068188
Orgyia pseudotsugata MNPV OpMNPV U75930 U75930 U75930
Orgyia pseudotsugata SNPV OpSNPV – – M32433
Panolis flammea MNPV PaflNPV – – D00437
Plusia orichalcea NPV PlorNPV – – AF01988
Rachiplusia ou MNPV RoMNPV AY145471 AY145471 AY145471
Spodoptera exigua MNPV SeMNPV AF169823 AF169823 AF169823
Spodoptera litura NPVg SpltMNPV AF325155 AF325155 AF325155
Spodoptera litura NPV-2 SpltMNPV-2 – – X94437
Spodoptera littoralis NPV SpliMNPV – – D01017
Spodoptera frugiperda NPV SfMNPV – – J04333
Trichoplusia ni SNPV TnSNPV-SA – – AF093405
Trichoplusia ni SNPV TnSNPV-Ca – – Theilmann
Wiseana cervinata NPV344 WiceNPV344 AY449784 AY449764 –
Wiseana signata NPV WiseNPV – – AF118850
Xestia c-nigrum GV XecnGV AF162221 AF162221 –
M.M. van Oers et al. / Virology 330 (2004) 460–470468performed under the following conditions: ML heuristic
searches with 100 replicates and maximum parsimony
(MP) methods with 1000 replicates (see also Herniou et
al., 2004).
Construction of a HindIII library
To obtain a genomic library, viral DNA was digested to
completion with HindIII and shot gun cloned into pBlue-
scriptSK+. Based on the HindIII and EcoRI digestion
patterns, 20 clones were selected for end-in sequencing of
the inserts. Clones revealing interesting genes were further
sequenced by primer walking. The BLASTx program
(Altschul et al., 1990) of the National Center for Bio-
technology Information (NCBI) was used to perform
translated searches to find homologues. The ClustalW
program (Thompson et al., 1994) at the European Bio-
informatics Institute (EBI) site (http://www.ebi.ac.uk) was
used to make protein alignments.RT PCR DNA photolyase
Fourth instar C. chalcites larvae were infected with a
high dose of ChchNPV polyhedra given on chrysanthemum
leaf disks. Hemolymph from 30 larvae was collected from a
cut proleg 3 days postinfection and added to 1 ml of Grace’s
supplemented insect medium (Invitrogen) containing a few
crystals of phenylthiourea to prevent melanization. The final
volume was diluted one to one with Grace’s supplemented
insect medium, cleared by centrifugation, and filtered over a
45-Am non-pyrogenic filter (Schleicher and Schuell). The
filtrate was stored at 80 8C. One million T. ni High Five
cells were incubated with 50 Al of the hemolymph filtrate
for 4 h and were further incubated in Grace’s supplemented
medium + 10% FBS (Invitrogen). Cells were harvested 1
and 2 days postinfection and RNA was extracted using
Trizol (Invitrogen).
For RT-PCR, 2 Ag of total RNA was used to synthesize
first-strand cDNA using an oligo dT anchor primer (Table
M.M. van Oers et al. / Virology 330 (2004) 460–470 4691) and Superscript reverse transcriptase (Invitrogen).
Subsequently, PCR was performed with the DNA photo-
lyase-specific primers F3 and R2 (Table 1) to amplify a
370-bp fragment. A plasmid clone containing a 2020-bp
HindIII fragment (clone b5), comprising the major part of
the photolyase gene, was used as positive control. To
control for the amplification of viral genomic DNA, a
reaction was prepared in which the RT step was omitted.
PCR products were analyzed in a 1.2% agarose gel. A
similar RT-PCR was also performed on RNA isolated from
hemocytes 3 days postinfection of larvae with ChchNPV.
For independent confirmation, 3V RACE analysis was
performed using standard techniques (Roche) on the first-
strand cDNA using a PCR anchor primer and the photo-
lyase-specific primer F3 (Table 1). To confirm the identity
of the 3VRACE product, a nested PCR was performed with
photolyase primer F4 and the PCR anchor primer. For 5V
RACE analysis, 1 Ag RNA isolated form ChchNPV-
infected T. ni High Five cells at 24 h pi was used. 5V
RACE was performed according to standard techniques
(Roche) with the dpl-specific primers R6–R8 (Table 1).
The 5V and 3VRACE products were cloned in pGemT-easy
(Promega) and their sequences were determined by
automated sequencing (BaseClear).Acknowledgments
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